The Kupferschiefer, a thin (<4 m) bed of marine bituminous marl of Upper Permian (Zechstein) age, occurs over a large area of north-central Europe and has, in certain areas, been exploited for silver and some base metals, notably copper, since medieval times. It has been regarded as the type example of a shale-hosted, strata-bound sulfide deposit and theories regarding the origins of Kupferschiefer mineralization have exerted considerable influence on theories of ore genesis.
estimated area exceeding 600,000 km 2 (Wedepohl, 1971) .
It was one of the first stratigraphic sequences ever described (Lehmann, 1756) and its economic exploitation, chiefly for copper and silver, dates from medieval times. Since the very beginning of the scientific study of ores, the Kupferschiefer has exerted great influence in regard to theories of ore genesis. Nevertheless, although some specific aspects of Kupferschiefer geology have been discussed in the recent literature (e.g., Harwood and Smith, 1986a; Jowett et al., 1987b) , detailed accounts combining geologic setting, modern studies of the petrology, mineralogy, and geochemistry, and current theories regarding the origin of the Kupferschiefer are generally not available in English language journals. Here, we set out to provide a review incorporating new data and assess theories of origin of Kupferschiefer ores.
Overall Geologic Setting

Tectonics and stratigraphy
The Variscan orogeny at the end of the Westphalian C stage of the Carboniferous was an important event on a regional scale in central Europe. The center of this orogeny is now represented by the metamorphic rocks of the Bohemian Massif, surrounded by the Saxothuringian and Rhenohercynian zones (Fig. 2) . At the end of this orogenic phase, large depressions (e.g., the Schneverdinger graben in northern Germany, the Hessian depression and the Thuringian basin, and the southwestern and southeastern Harz Foreland, see At the end of the Rotliegende, the Zechstein sea invaded from the north. Glennie and Buller (1983) have proposed a period of only 10 years from the onset of the Zechstein transgression until its greatest extension was reached. The exposed rocks were re- Weissliegende, strata that represent, in different regions, reworked underlying rocks, fiuviatile, or eolian sediments. Overlying these clastic rocks is the Kupferschiefer, a bituminous calcareous or dolomitic shale that represents the first completely developed marine sediment after a long period of arid to semi-arid conditions. The Kupferschiefer is thus underlain in different regions by Rotliegende, Zechstein conglomerate, Grauliegende, or Weissliegende rocks. In northern England, the Marl Slate rests variously on a thin basal conglomerate, on eolian dune sands (the Yellow Sands), or on red sandstone (Penrith sandstone). Everywhere, the Kupferschiefer grades upward into overlying dolomitic limestones, the Zechstein first-cycle carbonate--Zechstein limestone or Zechsteinkalk (Smith et al., 1986) .
Rifting and lithospheric thinning, associated with the opening of the Tethys ocean to the south, occurred throughout the region during the Triassic and early Jurassic (Ziegler, 1982) . Thermal anomalies associated with this event may have played a role in the mineralizing process (Jowett, 1986 ).
Zechstein depositional environments
The surface over which the Zechstein sea transgressed was one of strong relief, although the depths of water probably did not exceed 1,000 m. The con-ditions then prevailing at the floor of the Zechstein sea were probably comparable, in part, to those now existing in parts of the Ostsee and the Black Sea, with strongly reducing conditions. It has been proposed by many authors (e.g., Pompeckj, 1914 
Mineralization and Mining Activity
The metal enrichment associated with the Kupferschiefer is not, in fact, restricted to one lithostratigraphic unit. Depending on the thickness of the Kupferschiefer and its lithology, the mineralization can be contained within the Zechstein Conglomerate, Weissliegende, Kupferschiefer, and Zechsteinkalk.
Metals, minerals, and their zonal distribution
The Kupferschiefer, despite its name, contains average lead and zinc concentrations more than ten times greater than that of copper (Wedepohl, 1971 Figure 4 .
Here, the ore minerals are divided into 10 assemblages, each reflecting different redox conditions prevailing during mineral formation. Thus, paragenesis (1), hematite type, occurs under oxidizing conditions, (2) and (3) under weakly oxidizing conditions, types (4), (5), and (6) under weakly reducing, and (7) to (10) under strongly reducing conditions. It is important to note that only the assemblages (2), (3), (4), (5), and (6) form copper ore concentrations of economically exploitable grade. Erzberger (1965) and Freese and Jung (1965) . Depending on the lithology, it occurs as lenses, schlieren, spots, and layers, and sometimes covers areas as great as several hundred square kilometers (e.g., Brandenburg, GDR; Rentzsch, 1974) ; in other cases, it is restricted just to locally developed sandbars, against which the Kupferschiefer pinches out (Schmidt, 1985) . The Rote F•iule facies, clearly an oxidized facies, has been interpreted by some authors as representing the shallow-water equivalent of the black copper-bearing shales, with a distribution reflecting that of redox potential during sedimentation and diagenesis (Rentzsch, 1964; Konstantynowicz, 1965; Jung and Knitzschke, 1976) . A diagenetic origin is suggested by, among other things, hematite pseudomorphs after (syngenetic) pyrite, and the case for a late diagenetic origin by the action of convecting brines has recently been argued by Jowett et al. (1987c) .
Beside the red coloration caused by the Rote F•iule, other red colorations occur mostly in the hanging wall (Zechsteinkalk) and have been attributed to the action of oxidized surface water (Paul, 1982) . Unlike the Rote F•iule, they are not of value as exploration guides; the former can often be distinguished by the fact that its boundary crosscuts the different Lower Zechstein stratigraphic units at a low angle (1ø-2ø). The Rote F•iule distribution and the mineral zoning in relation to the Zechstein lithologies, as shown schematically in Figure 5 , are useful as exploration guides for Kupferschiefer-type mineralization. Initially, exploitation was focused on locally developed near-surface zones rich in native silver. Subsequently, mining followed the thin (30-60 cm) Kupferschiefer seam to greater depths and mining ex- Veins with Co-Ni-As-Ba mineralization, so-called "Riicken," occur in the northern part of the Richelsdorf as well as in the Mansfeld area (Gunzert, 1953; Messer, 1955) and are probably of Mesozoic age. Crosscutting the Kupferschiefer with its reducing character, they are enriched with Co-Ni arsenides such as skutterudite, safilorite, and rammelsbergite.
The base metal mineralization within the Kupferschiefer of the Spessart-Rh/3n is again preferentially concentrated in the basal part of the Kupferschiefer (Schmidt, 1985; Schumacher, 1985) . Dominant ore minerals are Cu-As sulfides (tennantite, enargite) and arsenides (loellingite, arsenopyrite) that replace earlier copper sulfides (chalcocite, bornite, chalcopyrite; Fig. 10 ). Whether this generation of earlier formed and now replaced copper-rich sulfides is related to a Rote FSule process is uncertain at present. This type of Cu-As mineralization appears similar to the Co-NiBa-As (Riicken) mineralization previously described from the Richelsdorf area (Schmidt and Friedrich, 1988 ), but in contrast to the latter (vein-type) mineralization, it is characterized by a disseminated ore mineral distribution and by the occurrence of Ag-Sbbearing tennantite, where Cu is also replaced by Fe 
Geologic setting
As noted in the general discussion of the geologic setting of the Kupferschiefer, the molasse troughs of the Variscan orogeny were filled with Lower Permian pyroclastic sediments, lava flows, and clastic sediments before the transgression of the Zechstein sea. There are, of course, typical Permian red beds (Rotliegende), whose upper part has generally been reworked by the Zechstein transgression; the first deposits of these red beds are generally dolomites or limestones (Peryt, 1976) . In Poland (Lower Silesia), the Zechstein sea would have extended southeastward as far as Wroclaw (Fig. 14) where a thin bed of dolomite or limestone was laid down under oxidizing conditions (Peryt, 1976; Rydzewski, 1978; Haranczyk, 1986 ). In the area of the North Sudetic syncline, the first sediments formed were red-stained marls (Konstantynowicz, 1965) . Following the major transgression in the area, probably only Zary Island (Fig. 14) was not submerged.
The Zechstein transgression appears to have been followed by a period of evaporation and lowering of sea level by '•70 m that has greatly influenced facies distribution and the formation and preservation of euxinic sediments (Haranczyk, 1970 (Haranczyk, , 1984 (Haranczyk, , 1986 ). In the Lubin-Polkowice area (Fig. 14) , for example, a lagoonal environment developed and it appears that copper-bearing shales which formed initially were removed from one-third of the area by subaerial oxidation and weathering or were redeposited by wave action. Some of the copper removed in this way seems eventually to have infiltrated underlying sandstones. Specifically, a number of environments can be identified from analysis of the sediments:
1. Sandstone bars with no cover of copper-bearing shales and no reef-capping but with marginal zones of redeposited shale (Blaszczyk, 1981; Haranczyk, 1986) .
2. Sandstone bars with no copper-bearing shales but capped with a reef dolomite which formed during regression of the sea (e.g., the West Lubin bar). These bars are surrounded by areas of copper-bearing shale (Blaszczyk and Prymka, 1973; Haranczyk, 1986).
3. Sandstone barriers like that marking the margins of the Rudna lagoon (see Fig. 15 
Lithologies
The lithologies of importance in relation to min- an open shallow sea, and a dolomite shale containing lead and zinc (to which the term Bleischiefer is sometimes applied) with clay (montmorillonite-illite) laminae grading to a dolomite deposited in basins of high salinity.
As a result of weathering and redistribution of the ores contained in these two lithological environments, two further lithologies of importance as ores have When all of the data available for the Kupferschiefer mineralization are considered, models involving a variety of mechanisms and processes of metal concentration need to be invoked. Four major types of Kupferschiefer mineralization can be identified with a number of subtypes (Table 1) . Each type of mineralization can be characterized by its metal content, zonation pattern, ore mineral paragenesis, and the presence of any alteration effects as well as the broader characteristics of geologic and tectonic setting.
It is possible to identify a "weakly mineralized" category to which the English example (the Marl Slate) may be assigned. From their detailed geochemical and isotopic data, Sweeney et al. (1987) were able to propose a model for Marl Slate formation related to stratification of the early Zechstein sea (Fig.  19) . Here, in an upper oxic layer, carbonate was precipitated in the form of calcite, whereas in a lower anoxic layer, framboidal pyrite was precipitated by a process of bacterial sulfate reduction and interaction with dissolved iron. The anoxic layer was also a zone of formation of dolomite which experimental studies (Ag bearing), enargite, loellingite, and arsenopyrite (Cu-Ag-As subtype), respectively. The generation of the Co-Ni-As-Ba subtype by hydrothermal fluids has already been established by Gunzert (1953) and there is evidence for a hydrothermal origin of the Cu-AgAs subtype (Diedel, 1984) . In addition to the Rticken which they consider to be of probable Cretaceous or Cenozoic age, Jowett et al. (1987b) distinguish a second style of veining which they consider to be coeval with the main sulfide mineralizing event and to be of mid-Triassic to late Jurassic age. The Cu-As sulfides and arsenides in the Kupferschiefer of the SpessartRh6n area are anomalous and have replaced most of the sulfides which formed earlier during the synsedimentary or diagenetic stage of mineralization.
When considered on a European scale, the Kupferschiefer deposit is seen to be the consequence of a variety of mineralizing processes. Apart from the later, genetically distinct, structure-controlled (Riicken-type) mineralization, these processes may have been active for a period as long as 20 Ma, commencing with the deposition of the Kupferschiefer horizon. The environment of deposition and the geology of the underlying rocks appear to have been the major influences controlling the degree of metallization.
